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Introduction

The Idea of Grand Unification

Introduction: The Idea of Grand Unification

o The Standard Model of Strong and Electroweak interactions is described
by the gauge group Gsyy =SU(3). @ SU(2)L,®U(1)y

@ The main idea is to embed Gg,, into a larger simple group
@ We will consider SU(5), SO(10) and Eg

@ As an example we will also look at the E¢SSM (David’s Talk)
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One-Loop RGEs
Solution of the RGEs
First and Second Generation Sfermion Masses Universal Boundary Conditions
SU(5) Boundary Con
S0(10) Boundary Conditions

Eg Boundary Conditions

First and Second Generation Masses: 7-Loop RGEs

2

dm%

16n2—d§L =—2M? —6g2M2 - % gle +1gks
dm=

167[2 '"uR _ 77g§M§ 32g%M2 _4 S
d

167 dZRZ Feims — g%Mlz 581S

1672 —L = —6g3M3 — Sg2M? — 328

167527’* = —SeiMi + 8418

o No Yukawa and trilinear couplings contribution for the light generations — possible to
solve analyticaly
0 1 =1log(Q/Qo), M 2,3 running gaugino masses and g » 3 are de usual Gsy gauge
couplings
@ Sis a D-term contribution
o S=Tr(Ym?) = m%,u _m%i,, + Z (méL —2m§R +m —m +m€R>

families
ds _ 66 o (1)
o = 18 = S(1) = S(1G) ) 'Unl\;esggsz

[Ananthanarayan, Pandita, 2005]
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One-Loop RGEs
Solution of the RGEs
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Solution of the RGEs

Squark and Slepton Running Masses

uL(l‘) = (t(;) +C+C+ 36C1 +Ay —

my (1) =m Q(t 6)+C3+Co+ %Ci+Ag, — ;K
% () =mZ, (t6) + C3+ 5C1 + Ay + 2K
3()= m} (16) +C3+ §Ci + Mg, — 3K
m3, (1) =m3 (1 )+Cz+%c1+AeL+§
m3, (1) =m}, (16 )+Cz+4cl+AvL+ ik
m, (1) = m3, (1) + C1 + Ac

o Ci(t) = M?(tg) [ %] = M?(t6)ei(t), i = 1,2,3 [Ananthanarayan, Pandita, 2007]

o2
° K(1) = 55:5(1c) (17 ;:1<§2))
0 Ay = MZ(T3p — Qg sin? Oy ) cos 23
o SUQ2)L®@U(1)y = U(1)em D-term
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First and Second Generation Sfermion Masses

ersal Boundary Conditions

o Common scalar mass mZQL(tG) =mg, (tc) = mf]R (tg) = m%L(tG) =m (t6) = m§
(*] m}.l“ :m}.,d

o Common gaugino mass M; (ic) = M5 (1) = M3 (i) = M},

@ Since S(1g) =0, then S(¢) is identically 0 at all scales, hence K =0

o We are left with three unknowns: mo, M/, and cos2f3

o Can be determined by measuring three sfermion masses, eg. ii;, d; and &z

2
M, i 1 ¢z 6 mzé
M{i[‘ =11 cq, SJL M1/2
M(@R 1 ¢z O cos2f

0 Ay = Gycos2f
9 ¢z =¢3 (ML;L) +Ez(MgL) + 3zC1
[+ CJL = 53(Md~1‘) +52(Md~L) + %El (MJ,>
0 ¢, =7¢1(Ms)
Once my, M, , and cos2f3 determined through M;, , M, i and M,, it is possible to ob: I'Ib gilxlletr’:itey
other low scale masses & of Glasgow
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One-Loop RGEs
Solution of the RGEs

First and Second Generation Sfermion Masses Universal Boundary Conditions
SU(5) Boundary Conditions
S0(10) Boundary Conditions
Eg Boundary Conditions

SU(5) Boundary Conditions

Common m;q for matter in a 10 Common msz for matter in a 5
2 _ .2 _ .2 _ .2
mQL(lG) = my, (tc) = mg, (i) = myy m%L (tc) = ng (tc) = m%

Common gaugino mass M, Higgs soft masses unrelated

Mi(i6) = M3 (16) = M3 (i6) = M3 mi, (16) = mg and my (i) = mZ;

o S(tg) =m§,—m§7:>1(7é0
o Five unkowns: msz, myo, M; 5, cos2f3 and K
o Can be determined by measuring five sfermion masses, eg. ii;, d;, éx, iir and dg

2
MgL 0 1 Ciiy, 6’ZL -1 I’I’lg
M3 01 ¢ & -1 ? z 4
gL dr, dy, g m210 9 ¢ = C3(MﬁR)+ 5C1 (M’ZR)
Meik =0 1 cg 6€R 745 M1/2 o ¢y, EEB(MJR)JF%EI(MJR)
MZR 0 1 Ciig (SﬁR 32 COS2ﬁ 1 [J?T&i]versity
- . 2 & of Glasgow
M 10 ¢ &, —3 K o
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One-Loop RGEs
Solution of the RGEs

First and Second Generation Sfermion Masses Universal Boundary Conditions
SU(5) Boundary Conditions
S$0(10) Boundary Conditions

Eg Boundary Conditions

SO(10) Boundary Conditions

@ Breaking SO(10) — SU(5) ® U(1)x — Gsum the rank is reduced from 5 to 4

o D-term contributions from the additional U (1), broken at the high scale
o Assuming a Higgs type mechanism: additional soft SUSY breaking terms V,, s, = m?|®|? + % ||
o Am2 =Y. Qrad; With dy oc (i — m?) [Kolda, Martin, 1995]

1

o D-term contribution of the order of (mmf,)2
@ Consider that the Higgs are embedded in a 10 of SO(10)

Common sfermion mass ¢ Common Higgs mass myg
2 — 2 — 2 — 2 2 2 2 2

ms (tc) = mg,(t6) = m3,(tG) = mig + g1, D mg, (tc) = mig — 281D
2 2 ) 2 2 _ 2 2

my (tc) = g (t¢) = mig —3g10D mg, (tc) = myy +2g1,D

o S(tg) = —4g3,D
o Five unknowns: mig, g3,D, M >, cos2f8 and K
o Can be determined by measuring five sfermion masses, eg. i, d;, éx, iz and dg
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iction

First and Second Generation Sfermion Masses
0 ation S fa

ME, 11 ey &y — % mi
Mﬁl L1 ey & =5 &igD
Mlg’k =1 I ey 6 — g M 12/'2
M ,%R 1 I ciy O % cos2f
M 1 =3 ¢z &, -3 K

—4¢3,D
o K(1) = 52 (1- 20,
o Masses are further constrained throught this relation

More explicitly and given that Xs = c; —ce, +ca, — cig

1 2 2 2
k= 6Xs (Sin2 6w —1) [36["( (MJL Mg+ Mz,

2 2 2 2 2 2 2
g (M3, + M2, —2M3,) +2 (cﬁk (M2 +3M2, —4M2,) — g, (4M2, — SMZ, +M?

i £ M)

)+3(cg +ea,) (MZ, —Mz,)

iR

e (~SM2 + M2, +AM2,) + cay (AM2, — M2, — 3M2 )) sin2 ew}

ik i, ik
2 1 2 2 2 2 2 2 2 2
0 = 3w [7% (M2 — SM2, + M2, +2M2,) — cap (—3M2, +5M2, —3M2, +M2,)
2 2 2 2 2 2
+(cg, +Cz71_)(5M3‘R = 3Mg, —2M, ) + 5cg, (M5 — Mg, + Mg — M; )}
i i i i i i - A Universit
@ This was obtained for a particular choice of the Higgs in a 10-plet qulasgmz

o If Higgs in a 120, 126 or combinations? Different constrains?
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One-Loop RGEs
Solution of the RGEs

First and Second Generation Sfermion Masses Universal Boundary Conditions
SU(5) Boundary Conditions

S0(10) Boundary Conditions
Eg Boundary Conditions

E¢ Boundary Conditions

o Consider the simple scenario of the direct breaking to the SM without extra
matter

@ Breaking Es — SO(10) ®@U(1)s —» SU(5) @ U(1)s®U(1)x — Gsy the rank is
reduced from 6 to 4

@ Two D-term contributions from the breaking of U(1)s and U(1)x at the high
scale

Common scalar mass my;

mp, (t6) = mi (t6) = mg, (t6) = m3; — g5Ds + &6Dx
m%L (tg) = msik (tg) = m3, — g2Ds — 3g2D

mlzqM (tc) = m3; +2g2Ds — 2g2Dx

mlzﬁ}'d (tc) = m%7 —+ ZgéDs + Zg%DX

o S(l‘G) = —4géDX
@ Six unknown_s: may, géD_?, §&Dx, M, 5, cos2f8 and K _ @ Unipersity
@ The system is not invertible — reduced to the SO(10) analysis. & of Glasgow
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ESSM First and Second Generation Sfermion Masses el Gl AT HleEp e

EeSSM First and Second Generation Sfermion Masses

[King, Moretti, Nevzorov, 2005 and 2007]
o Extended Gguy @ U(1)y at the low scale
@ The extra U(1)y breaks close to the EW scale by the vev of an Higgs type singlet
o Extra H' and H' form incomplete 27’ and 27 (David's Talk)
o RGEs with an extra S’ D-term contribution, additional fields contributing to the loops and a
D-term from U(1)y breaking

Solution of the E6SSM 1-Loop RGEs

m}, (t) = m% (1G) +cEﬁ +c’36 +Acr i+, -1k - LK —g?D

mfil() Q (te) + G+ %C1° lC’"‘AdL_%K_%K, g§tD

m (t) = mZ, (1) +cEﬁ 4 4cE6 +1C 4 Ay + ik — LK — 2D

2 (1) = m}, (i6) +C5° + §C7° +C’ +As—2 K’ ~2¢?2D

m%L(t) m%L(tG) —&-Cf6 + C16C’ +A,, + K— +K'—2g2D

m} (1) = m%L(tG)+CE6 +icfc +AVL+ iKuzg?D

m2, (1) = m2, (tG) + C{°C| + Ay — 8K — LK — g2D 'Umxgesgétvz
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First and Second Gene

EgSSM First and Second Generatio

©

Cre(r) = M2 16) [A7* G0 ] = M (16)ef (1)

© Dy = 5K +gD

20

2 — 2 ) — 2 — 2 2
@ Common scalar mass m, (tg) = mz, (tc) = g, (tc) = my, (tg) = mz, (tg) = m3;
@ Five unknowns: my7, Dy, My, cos2f3 and K
o Can be determined by measuring five sfermion masses, eg. ii;, d;, &, iir and dg

M%L 1 ¢z Oy -— % —1 m%7
MI%L 1 C(iL 6([1 - é -1 M12/2
MEZR =1 ¢z 6 - g -1 cos2f
Mz 1 cg & 5 -2 K
M 1o 8, -3 —I Dy

o Note that D = (QYv3 + QY12 + OVs?)
o If able to measure v2, v2 and s? independently one can determine K’
DN — 2 2
o S(tg)= ing,~1»mHé
o S'(tg) = 4m?, —4m=,
(tc) H i University
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Sum Rules

Sum Rules

From the solution of the 1-loop RGEs, it is possible to obtain the following sum rules:
[Ananthanarayan, Pandita, 2005 and 2007]

Sum rules for SU(5), SO(10) and Eg
_ 25 _
M2, +M2 — M2, — M2, = C3+2C, — HCy = 2.18207 (GeV)?
1 1 _ 10, _
3 (Mz%L +M§~L) +M; —MZ — 5 (MEL +M§L) =205 — 10¢; = —0.817037 (GeV)?

| \

Sum rules for the E¢SSM

M}, + M3 —ME —ME, = C3° +2C,° — RO — 1€} = 2.82233 (GeV)?

1 2 2 2 2 1 2 2\ _ocbs _10-Es _ 3,v _ 2
L (M2, + M2 )+, — M2, — 4 (M2 + M2, ) = 2058 — Wt — 3] = 4.49462 (GeV)

@ Values for O =500 GeV
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Summary and Conclusions

ary and Conclusions

@ Studied the 1-loop RGEs for the sfermion masses of the light generations
for SU(5), SO(10) and E boundary conditions

@ For SO(10) with Higgs in a 10-plet we get extra constrains on the low
energy masses

@ Obained sum rules for different GUT models
o Parameters obtained from measurement of first and second

generations low scale masses will be very useful for the study of the
third generation
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Summary and Conclusions

BACKUP

@ SO(10)®U(1)s is a maximal subalgebra of Eg
@ One can identify m}s = m3, — g2Ds and m}, = m3, +2¢2Ds

@ Since we only know mjs from SO(10) calculations — not possible to
determine m3, and gZDs alone

@ Analysis reduced to the case of SO(10)

@ Values for Q =500 GeV
o C; =0.177807, C, = 1.36938, C3 = —0.309737

o CFe=0.122243, C5° = 0.342345, CE° = 2.32302, C} = 0.0207902 -
A University
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